Figure 1. Effects of RabGTPases on SV40 Infection and Trafficking (A) HeLa cells expressing indicated Rab constructs or RIN1 were infected with SV40 at a multiplicity of infection (MOI) of 5. After infection (16 hr), cells were fixed and immunostained for large T antigen (Tag). The fraction of Tag-expressing cells of at least 120 transfected cells from three different experiments was determined and presented as percentage of nontransfected control cells. Dynamin2K44A (Dyn2K44A) was used as a positive control. Of the Rab constructs, only expression of Rab5aQ79L interfered with SV40 infection. Asterisks indicate significant Student's t test values (p Ͻ 0.001). (B) In cells expressing GFP-

Effects of RabGTPases on SV40 Entry and Infection
colocalize with GFP-Rab5a, in agreement with our previous electron microscopy studies showing some viruses Since RabGTPases are known to play distinct, regulatory roles in membrane transport, we tested whether in structures resembling early endosomes (Kartenbeck et al., 1989) . The effect of activated Rab5 on SV40 infection any of those known to be associated with endosome and Golgi function would serve as regulators of caveolaetogether with the localization data prompted us to further investigate the role of Rab5a in caveolar endocytosis. mediated endocytosis. To test their functional involvement, we overexpressed wild-type, constitutively active (GTP binding), and inactive (GDP binding) forms of the Rab5aQ79L Causes SV40 Rerouting The Rab5aQ79L mutant generates abnormally enlarged Rab proteins and determined whether they interfered with SV40 infection. Remarkably, the dominant-active endosomes by stimulating homotypic fusion of early endosomes (Stenmark et al., 1994) . In cells expressing mutant of Rab5 (Rab5aQ79L) was the only mutant among the Rab proteins tested that inhibited SV40 infec-GFP-Rab5aQ79L, we observed that incoming Alexa Fluor-labeled SV40 particles were not transported to tion. Consistently, overexpression of RIN1, a Rab5 GEF (Tall et al., 2001 ), also reduced SV40 infection. None of caveosomes as in control cells but were trapped into Rab5aQ79L-GFP-positive endosomes ( Figure 1B) . The the other wild-type or mutant Rab proteins inhibited SV40 infection ( Figure 1A ), suggesting that they are not Rab5S34N mutant did not influence SV40 internalization or trafficking (data not shown). required for SV40 internalization, transport to caveosomes, and subsequent transport to the smooth endoIn the enlarged endosomes, the fluorescent SV40 particles were not distributed uniformly but formed patches plasmic reticulum (sER).
Consistently, incoming Alexa Fluor-labeled SV40 paralong the limiting membrane ( Figure 1B Cav1-GFP and mRFP-Rab5a revealed that interactions between Cav1-GFP-positive and mRFP-Rab5a-positive Fluor-labeled transferrin internalization to 70% ( Figure  1C and Supplemental Figure S1B on the Cell web site).
structures were frequent but transient. Small Cav1-GFPlabeled vesicles were seen to bind to larger Rab5a-SV40 was therefore unlikely to be transported to the endosomes by clathrin-mediated uptake despite the positive structures, to move along with them for up to 20 s as part of a complex, and then to detach (Figure stimulation by constitutively active Rab5a (Stenmark et al., 1994) . However, transport of SV40 in the enlarged 2C and Supplemental Movie S1). We could also see similar vesicles interacting with larger Cav1-GFP-posiendosomes was blocked by expression of Dyn2K44A, by cholesterol depletion, and by inhibition of tyrosine tive caveosomes, suggesting dynamic interactions with these organelles as well. kinases (data not shown), treatments known to block caveolar uptake of SV40 (Pelkmans et al., 2002) . We conclude that expression of constitutively active Rab5
Rab5 Targets Caveolar Vesicles resulted in intracellular retargeting of virus particles ento Early Endosomes docytosed through caveolae to early endosomes. This
To test whether the transient interactions of caveolar diversion from the normal itinerary to caveosomes apvesicles with early endosomes were dependent on parently interfered with SV40 infection, consistent with Rab5, we examined the effects of perturbations of the our previous observation that SV40 has to reach the ER Rab5 nucleotide cycle on the colocalization of Cav1-to be infectious (Pelkmans et al., 2001) .
GFP with EEA1. In cells expressing low levels of constitutively inactive Rab5 (Rab5S34N) that still had vesicles stained for EEA1, the overlap of Cav1-GFP with EEA1
Caveolin-1 in Early Endosomes
To analyze the pathways taken by SV40 in further detail, was substantially diminished ( Figure 2D and Supplemental Figure S2C ). In contrast, in cells expressing we established a HeLa cell line stably expressing Caveolin-1 with GFP fused to its C terminus (Cav1-GFP) at Rab5Q79L, most of the intracellular Cav1-GFP was localized in the enlarged endosomes ( Figure 2D and Suplevels similar to the endogenous protein (Supplemental Figure S1C) . We have shown previously that, when explemental Figures S2D and S2E ). In these cells, Cav1-GFP-labeled caveosomes were strongly reduced but pressed transiently in these amounts, the GFP-tagged protein behaves like the endogenous protein and supnot completely absent, judging by the presence of some larger Cav1-GFP-positive but Rab5Q79L-and EEA1-ports SV40 entry (Pelkmans et al., 2001 ). Using 3D deconvolution of optical stacks from 34 cells (Experimental negative structures (arrowhead, Supplemental Figure  S2D ). When fluorescent SV40 particles were added to Procedures and Supplemental Figure S1C ), we determined that, at steady state, 12% Ϯ 4% colocalized with Rab5Q79L-and Cav1-GFP-expressing cells, they were internalized and localized to the Cav1-GFP-positive the Golgi complex marker giantin, and 15% Ϯ 6% colocalized with EEA1-positive early endosomes. To detect patches ( Figure 2E ). Because the viruses were exposed to the acidic lumen (see Figure 1C) , the Cav1-GFP-posi-EEA1-negative early endosomes, we internalized fluorescent transferrin for 2 min and found that 18% Ϯ 7% tive patches were in membrane continuity with the enlarged endosomes. of Cav1-GFP colocalized with it (Supplemental Figure  S1D) . Of the remaining 70% Ϯ 10%, the majority was 3D surface reconstructions suggested that, in the presence of active Rab5, the small Cav1-GFP-positive present in caveolae on the cell surface and in intracellular structures, presumably caveosomes. vesicles in the cytosol were lost and were now distributed over the membrane of the enlarged endosomes To explore the distribution of Cav1-GFP within early endosomes, we made surface-rendered, 3D reconstruc-( Figure 2F ). However, a maximum intensity projection of a deconvolved stack of two enlarged endosomes tions of the deconvolved stacks (Figures 2A and 2B) . The Cav1-GFP signal appeared as small vesicles and as containing fewer Cav1-GFP patches revealed that the membrane compartmentalization of Cav1-GFP was relarger structures with irregular shape. The latter seemed composed of clusters of small vesicles, consistent with tained within the early endosomes ( Figure 2G ). Timelapse imaging revealed that caveolar domains were electron microscopy images of caveosomes (Pelkmans et Figure S4D ). Apparently, not only do caveolar vesicles might utilize the Rab5-dependent pathway from caveolae to endosomes. To address this question, we needed ferry ChTxB to early endosomes, they also ferry some fluid phase from early endosomes to caveosomes, to follow ChTx internalized specifically via caveolae and not via other pathways by which it can reach early endowhich suggests that traffic is bidirectional. somes (Parton and Richards, 2003) . We noticed that, when added in very low amounts (100 pg, ‫000,05ف‬ moleCaveolar Domains in Endosomes Serve as Stable Scaffolds cules/cell), virtually all Alexa Fluor-labeled ChTx B subunits (AF-ChTxB) accumulated in Cav1-GFP-positive During confocal analysis of Rab5Q79L-enlarged endosomes, we observed that, while SV40 particles remained structures 10 min after addition and were not observed in early endosomes ( Figure 3A) . This suggested that, at continuously localized in the Caveolin-1 patches, ChTxB showed this restricted distribution only occasionally and low concentrations, the toxin was entering predominantly by the caveolar pathway.
only at early time points after internalization. In most cases, the toxin was found more evenly distributed in Over time, we observed ChTxB colocalizing with EEA1 and accumulating in the Golgi complex. Expression of the membrane of the endosomes. To study the lateral diffusion of these ligands and of endogenous endosome constitutively inactive Rab5a strongly reduced colocalization with EEA1 and blocked accumulation of the toxin molecules, we used fluorescence recovery after photobleaching ( Figure 4E) . Altogether, these a cytosolic and a membrane bound pool, the curves obtained for GFP-Rab5Q79L, GFP-CLC, and 2XFYVE-results suggest that Caveolin-1 restricts the lateral mobility of GM1 bound cargo by forming structured subdo-GFP were compared with corresponding recovery curves recorded from fully bleached endosomes. mains in the endosomal membrane. These prevent diffusion of SV40 particles into membranes of the classical Using this approach, we were able to establish that Cav1-GFP and Alexa Fluor-labeled SV40 were virtually endocytic system and thereby increase the efficiency to reach the endoplasmic reticulum and infect the cell. immobile in the membrane ( Figure 4B and Table 1 ). Although endosomal GFP-CLC exchanges with a cytosolic pool, we considered it to be immobile in the membrane as well, since the recovery curve for a bleached Low pH Induces Release of ChTxB from Caveolar Domains subdomain could be completely attributed to exchange with new molecules from the cytosol ( Figure 4B and The difference in the distribution and mobility of fluorescently labeled ChTxB and SV40 in the enlarged endo- Table 1 ). GFP-M6PR and GFP-Rab5Q79L displayed a restricted mobility in the endosomal membrane (Figure somes was puzzling, considering that they use the same receptors and were, under our conditions, both internal-4B and Table 1 ). For M6PR, this presumably reflects its incorporation into complexes cycling between the transized by caveolae. One major difference between both ligands is, however, that, in cell types expressing CaveoGolgi network and endosomes (Pfeffer, 2003). The restricted mobility of Rab5 in the GTP bound form is also lin-1, ChTx depends on exposure to low pH for intoxication (Janicot et al., 1991), while SV40 does not depend consistent with the existence of oligomeric effector complexes on the early endosome membrane (McBride on acidic pH for infection (Upcroft, 1987) . In an artificial liposome system, ChTxB has been shown to undergo et al., 1999). In contrast, AF-Tfn, BODIPY-LacCer, GPI-GFP, 2XFYVE-GFP, and AF-ChTxB were molecules that a conformational change upon treatment with low pH that changes the membrane partitioning properties of showed a more or less unrestricted mobility ( Figure 4B and Table 1 
). Control experiments using Cav1 tagged the GM1 molecules to which the toxin is bound (McCann et al., 1997). To determine whether this could explain with monomeric red fluorescent protein (mRFP) or GPIanchored mRFP did not reveal kinetics different from
ChTxB's more homogeneous distribution and higher mobility in endosomes compared to SV40, we incubated the GFP-tagged molecules, indicating that the weak oligomerization property of GFP did not influence our meacells with the weak base NH 4 Cl, which neutralizes the Curves from Figure 5 were fitted to a 2D diffusion model (see Experimental Procedures). R 2 indicates goodness of fit and should ideally be 1. Bad fits are often caused by uncertainties about I max , which is seen when molecules are immobile. The fast half-time (24 s) for AF-ChTxB at neutral pH reflects that of just a few mobile molecules not captured by caveolar domains, since the majority is captured and immobile (84%). Note that whole endosome curves of 2XFYVE-GFP, GFP-Rab5Q79L, and CLC-GFP do not reflect membrane diffusion but exchange of membrane bound molecules with cytosolic molecules. Since Rab5Q79L is fairly immobile in this curve, the curve obtained from subdomain bleaching can be regarded as reflecting diffusion within the membrane only. For 2XFYVE-GFP, the fast half-time in the subdomain-bleached curve compared to the whole endosome-bleached curve indicates fast diffusion of this probe on the membrane. For CLC-GFP, the half-time and immobile fractions in both the subdomain-bleached curve and whole endosomebleached curve are similar. Thus, subdomain recovery consists only of exchange, indicating that CLC-GFP is immobile on the membrane. Note that both Cav1-GFP and AF-SV40 have very high half-times and show a very large immobile fraction, indicating that they are immobile.
pH inside endosomes. After accumulation in enlarged
Discussion endosomes in the presence of NH 4 Cl, the ChTxB did
We have provided evidence that caveosomes and early indeed localize to caveolar domains ( Figure 5A ). Furtherendosomes communicate via a pathway regulated by more, ChTxB was now restricted in its mobility ( Figure  Rab5 . On the endosomal membrane, caveolar vesicles 5B), while the recovery rates of GPI-GFP and BODIPYform stabilized subdomains capable of entrapping LacCer upon bleaching were unaffected (data not multivalent GM1 bound cargo. In endosomes, ChTxB is shown). Similar results were obtained in other cells exinduced to diffuse out of these subdomains into the pressing only endogenous Caveolin-1 (data not shown).
surrounding membrane by low pH, while SV40 remains Apparently, at neutral pH, ChTx was not released from trapped. As a result, the caveolar ligands are sorted caveolar vesicles after fusion with endosomes or was into different endocytic compartments. Based on these actively sequestered in stable caveolar domains in enobservations, we propose that caveolar domains serve dosomes.
as specialized transport and sorting devices in intracelIn addition, we found that, in HeLa cells expressing lular membrane traffic (Figure 6 ). Their membrane is Cav1-GFP, ChTxB accumulation in the Golgi complex composed of lipids enriched in raft fractions, stabilized was reduced in the presence of NH 4 Cl ( Figure 5C ), while by a structural Caveolin-1 scaffold, and, unlike lipid rafts, this was not perturbed in HeLa cells treated with siRNA they form distinct, structurally stable microdomains in against Caveolin-1. As expected, ChTxB was mobile on any membrane of the endocytic pathway through which the enlarged endosomal membrane in these cells, even they traffic. when treated with NH 4 Cl ( Figure 5B ). These results sugAfter internalization, caveolar vesicles can move in gest that caveolae-internalized ChTxB is only transthe cytosol and fuse with caveosomes. When recruited ported to the Golgi complex when it is released from by specific small GTPases, they can also dock on target caveolar domains, which is mediated by low pH in endoorganelles such as early endosomes. After fusing with somes. Importantly, they provide an explanation for why these membranes, caveolae are not disassembled but ChTxB is immobile at early time points of internalization preserve their compartmentalization, retaining a unique (Bacia et al., 2002) , being present in organelles with lipid and protein composition. Preliminary evidence caveolar domains and neutral pH, both on the cell surshows that, in cells expressing constitutively active face and in caveosomes (Pelkmans et al., 2001) . Further-ARF1, intracellular caveolar domains are targeted to more, ChTxB internalized by caveolae-independent ARF1Q71L-containing membranes, where they also mechanisms could potentially become trapped in caform stable domains (L.P., unpublished data). We thus veolar domains inside the cell if the route intersects with propose that the caveolar membrane system connects caveosomes. Finally, our data clarify the necessity for with endocytic and exocytic organelles at several levels Rab5-mediated transport of ChTxB to endosomes to by shuttling caveolar vesicles that maintain their stability in time and space. Because the stabilizing scaffold of allow subsequent sorting to the Golgi complex. a caveolar domain is composed of oligomeric integral fusion. In so doing, its role is to define and ensure domain identity and, unlike clathrin and COP coats, not membrane proteins that do not dissociate, it follows along as the vesicle undergoes intracellular transport, transiently but permanently. Importantly, this feature is distinct from lipid rafts, which move about the memcargo loading and unloading, and membrane fission and cient to allow them to diffuse from the caveolar domains. SV40 particles did not respond to the low pH in endoThis mechanism allows repeated use of the domain as a transport container and still ensures high specificity somes. They remained associated with the immobile caveolar domains. Only when Caveolin-1 was downregof sorting. Given the enrichment of lipid rafts in caveolae, the mechanism would seem ideally suited to sort moleulated by siRNA were the viruses free to diffuse in the endosomal membrane. golipid bound ligands. For instance, it may be used by
